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ABSTRACT: The seismic, drilling and logging data reveal that a large-scale igneous 
intrusion with a width of 14 Km and a maximum thickness of 170 m intruded within 
the Paleogene Liushagang Formation in the Fushan Depression, Beibuwan Basin, 
South China Sea (SCS). In this study, we report the geochemistry and Sr-Nd-Pb-Hf 
isotopic compositions of the igneous rocks, and evaluate the thermal effect induced by 
this large-scale igneous intrusion on the host rocks. The analyzed igneous samples 
exhibit strong enrichment in light rare earth elements (LREE) and large-ion lithophile 
elements (LILE), having characteristics similar to intra-plate oceanic island basalts 
(OIB). The Sr-Nd-Pb-Hf isotopic data display narrow ranges (e.g. 
87Sr/86Sri=0.7042~0.7044, 143Nd/144Ndi=0.5128~0.5129, 206Pb/204Pbi=18.90~18.94, 
εHf(t)=+7.56~+9.60). Geochemical and isotopic compositions suggest a mixed 
mantle source between depleted mid-ocean-ridge-basalt (MORB) mantle (DMM)-like 
mantle and enriched mantle type II (EMII, possibly the Hainan mantle plume). 
Vitrinite reflectance values, major mineralogical changes together with a 
maturity-related biomarker [Ts / (Ts+Tm)] all reveal significant thermal effect 
induced by the igneous intrusion. Vitrinite reflectance values of the host rock are up to 
2.5% in the intrusion region, whereas lower reflectance values (0.62~0.73%) occur in 
the unaffected area of the same strata. Moreover, our results suggest that the host 
rocks above the igneous intrusion are characterised by higher maturity than below, 
which should be attributed to the different behavior of hydrothermal fluids. These 
observations suggest that the thermal effect of large-scale thick igneous intrusions is 
much more intense than that of thin igneous intrusions, and the behavior of 
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hydrothermal fluids induced by magmatic intrusive events should be a critical impact 
factor during heat transfer process.  
Key words: Igneous intrusion; Sr-Nd-Pb-Hf; Thermal effect; Geochemistry; 
Beibuwan Basin; South China Sea 
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1. Introduction  
The plate-tectonic evolution of the South China Sea has been a research hotspot, 
and its process is currently still in debate (e.g., Karig, 1971; Taylor and Hayes, 1983; 
Tapponnier, 1986; Yan et al., 2006; Yan and Shi, 2007; Wang et al., 2012, 2013). 
Igneous activity plays a significant role in plate reconstruction and regional tectonic 
evolution. Although a series of Paleogene igneous intrusions have been identified in 
sedimentary basins of the SCS (e.g. Yinggehai Basin, Pearl River Mouth Basin, 
Beibuwan Basin) using geophysical approaches (e.g. Shi et al., 2005; Sun et al., 2014), 
few petrological and geochemistry data of igneous rocks have been reported yet 
because of the dearth of Paleogene igneous samples. 
Moreover, igneous intrusions distributed in deeply buried stratigraphic units are 
of considerable interest in basin analysis particularly when risking exploration and 
production of hydrocarbons, because they can exert a significant impact on the 
generation and migration of hydrocarbon resources (Gurba and Weber, 2001; Saghafi 
et al., 2008). Several large-scale hydrocarbon accumulations worldwide have been 
considered to be closely related to regional igneous intrusions (e.g. Chen et al., 1999; 
Othman et al., 2001; Parnell, 2004). The thermal effect of an igneous intrusion is 
influenced by lots of factors, including scale and thickness of the igneous intrusion, 
nature of the igneous rocks and of the host rocks, and other parameters. Among them, 
scale and thickness of igneous intrusions are of critical importance since the width of 
the region affected by such bodies is typically 1~2 times the thickness of the intrusion 
(e.g. Dow, 1977; Galushkin, 1997). In addition, several studies have suggested the 
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other factors (e.g. the composition of hydrothermal fluids) also play a significant role 
(Raymond and Murchison, 1988; Suchy et al., 2004; Pruess, 2006). Although the 
thermal effects of igneous intrusions have been discussed in numerous investigations, 
previous studies mainly focused on small-scale intrusive dikes and sills (usually less 
than 50 m in maximum thickness) (e.g. Galushkin, 1997; Suchy et al., 2004; Yao et al., 
2011). Few studies have focused on the thermal effects of deeply buried large-scale 
intrusive laccoliths, which should be drastically different from small-scale intrusive 
dikes and sills (Dow, 1977; Galushkin, 1997; Uysal et al., 2000). One reason is their 
low natural occurrence. The other is the difficulty to differentiate thermal maturity 
effects induced by igneous intrusions from those associated with burial generation 
since these two processes usually coexist.  
The Fushan Depression (Fig. 1) is a significant petroliferous depression in the 
Beibuwan Basin, SCS, with production mainly originated from Late Eocene 
Liushagang Formation. The 14 km-wide laccolith-like igneous intrusion, intruded in 
the second member of the Liushagang Formation (SQEls2), was firstly mentioned by 
Liu et al. (2014). Using three-dimensional seismic interpretation, Liu et al. (2015) 
reported that the intrusive body is only distributed in the Eastern Fushan Depression 
with a maximum depth of 170 m, and the sedimentary host rocks are organic-rich 
mudstones buried over 3000 m. The limited zircon U-Pb data reported in Liu (2015) 
indicate that the igneous intrusion occurred at ~35 Ma. Clay mineral compositions of 
the host rocks in the Fushan Depression reported by Liu et al. (2016) show that the 
thermal maturity in the intrusion region is anomalously high. Moreover, hydrocarbon 
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exploration in this depression reveals that the eastern area is a typical gas-bearing part, 
while the western area is a typical oil-bearing zone, suggesting that the thermal 
maturity in the eastern area should be much higher. However, the burial depth in the 
eastern area is significantly lower than that in the western area (see Fig. 6 in Liu et al., 
2015). This unexpected occurrence indicates that this regional igneous intrusion may 
have a great impact on thermal maturity of the host rocks. However, the compositions 
of magma intrusion, the heat transfer mechanism of the igneous intrusion and its 
impact on thermal maturity of the host rocks are still unknown. 
In 2012, 8 m long intrusive rocks (from 3368 m to 3376 m) were obtained from a 
newly drilled well at the depth around 3380 m, which is situated in the Eastern Fushan 
Depression. Considering that no geochemistry or isotope data related to Paleogene 
igneous intrusions has been reported yet, the newly obtained intrusive samples may be 
of great value to reveal tectonic evolution of the SCS and Hainan plume. The other 13 
mudstone samples from Well E1 together with 35 mudstone samples from Wells E2, 
E3 and E4 buried between 2500 m and 4020 m were selected for vitrinite reflectance 
measurements in order to investigate the thermal effect of the igneous intrusion. In 
addition, the other 20 mudstone samples were collected from the drilling cores located 
in the Western Fushan Depression, approximately 25 km away from the region of 
igneous intrusion. The comparison of thermal maturity between the western and 
eastern areas identified by vitrinite reflectance measurement of the mudstone samples 
can be used to distinguish thermal effects induced by igneous intrusions from those 
associated with burial generation, and hence better understand the thermal effect of 
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such large-scale intrusive bodies. 
The present study aims to investigate: (1) the petrogenesis of the igneous rock 
using geochemistry and Sr-Nd-Pb-Hf isotopic compositions; (2) the distribution of the 
igneous intrusion located in the deeply buried sedimentary successions of the Fushan 
Depression, and its impact on thermal maturity of the host rocks; (3) The heat transfer 
mechanism was also discussed in this study. 
2. Regional geology and petrography 
The Beibuwan Basin is a Mesozoic-Cenozoic extensional basin located in the 
northern continental shelf of the SCS (Fig. 1). It covers an area of ~40,000 km2, and is 
bounded by the Leizhou Peninsula to the northeast, the Hainan Island to the southeast, 
and the Yinggehai Basin to the southwest. The Fushan Depression is a typical 
half-graben depression situated in the southeast of the Beibuwan Basin, covering a 
total area of approximately 2920 km2. It is confined by the Qiongzhou Strait to the 
north, the Hainan Island to the south, the Lingao Fault in the west and the Changliu 
Fault in the east (Fig. 1) (Li et al., 2008b; Liu et al., 2014). Drilling exploration has 
confirmed that it is a significant provinces of hydrocarbon resources in the SCS (Liu 
et al., 2014). 
The depression has experienced a complex structural evolution, which can be 
largely divided into two stages: an early rifting stage lasting from Paleocene to 
Oligocene and a later subsiding stage lasting from Miocene to present time (Huang et 
al., 2013). The rifting stage can be further subdivided into two stages: an early rifting 
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stage (Eocene) and a late rifting stage (Oligocene) (Fig. 2). The extension in the early 
rifting stage resulted from Zhuqiong Movement, while the late rifting stage 
corresponded with Nanhai Movement. In addition, it is worth pointing out that the 
tectonic evolution of the Fushan Depression has been significantly influenced by the 
Hainan Plume since its southern region is located in the Hainan Uplift region (Yan et 
al., 2010, 2014). The multi-phase tectonic activities and widespread distribution of 
volcanic rocks in the Fushan Depression make it a challenging region for hydrocarbon 
exploration (Li et al., 2008; Liu et al., 2014).  
The Fushan Depression can be subdivided into two sags including Huangtong 
Sag in the west and Bailian Sag in the east. The Paleogene stratum consists of three 
formations: the Changliu Formation (SQEch), the Liushagang Formation (SQEls), 
and the Weizhou Formation (SQEwz), and SQEch can be subdivided into three 
third-order sequences (SQEls3, SQEls2 and SQEls1) (Liu et al., 2014, 2015) (Fig. 2). 
SQEls3 was deposited by a series of large-scale braided river deltas. Then several 
hundred meters of dark mudstones were deposited in the sedimentary period of the 
SQEls2, and formed the most significant hydrocarbon source rocks in this depression 
(Liu et al., 2015, 2016). During the depositional period of the SQEls1, the lake level 
fell and large-scale braided river deltas occurred again (Liu et al., 2012). From the late 
Eocene to the early Oligocene, the southern slope of the Fushan Depression 
underwent significant denudation as the result of the intense uplift of the Hainan 
Island, which led to an angular unconformity between Eocene and Oligocene 
sequences (see sequence boundary T4 in Fig.3). During the depositional period of 
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Oligocene, the tectonic activity became weaker, and the Weizhou Formation is 
characterised by fluvial facies intercalated with shallow marine deposits (Liu et al., 
2012).  
Igneous activity in the Fushan Depression can be divided into two stages: 
Paleocene, and Miocene-Quaternary. The late stage of magmatism, mainly consisting 
of multi-phase extrusive rocks (e.g. basalts and volcanic clastic rocks), are widespread 
in the surface of both the depression and Hainan Uplift. By contrast, the Paleogene 
igneous event recognized by 3D seismic interpretation is characterised by a 
large-scale gabbro laccolith, which is only distributed in the Eastern Fushan 
Depression (Liu et al., 2014, 2015). No other intrusive bodies linked to Paleogene 
stratums have been identified using 3-D seismic data. 
Seismic and well data show that the Paleogene igneous rocks are mainly 
distributed in the eastern area but not the western area, and extend horizontally about 
220 km2 with the maximum thickness of 170 m (Fig. 3). In Well E1, the gabbro 
laccolith was found at the depth of 3360-3440 m with a thickness of ~80 m. The 
collected gabbro samples are fine- to medium-grained (0.5~4 mm) and are 
characterized by hypidiomorphic granular texture identified by interlocking pyroxene 
and plagioclase (Fig. 4). They consist of plagioclase (50~55 vol.%), clinopyroxene 
(20~25 vol.%), hypersthene (5~10 vol.%), quartz (~ 5 vol.%) and magnetite (~ 3 
vol.%). Quartz is anhedral and fill the interstitial space among the framework-forming 
minerals (Fig. 4). 
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3. Sampling and analytical methods 
3.1 Sampling 
8 m long igneous rocks were obtained at the depth of ~3370 m in Well E1. Five 
representative volcanic samples, numbered from VR-1 to VR-5 as shown in Table 1, 
were selected for trace elements and Sr-Nd-Pb-Hf isotope analysis. 1 m long drilling 
core (from 3369 m to 3370 m) was chosen for zircon U-Pb dating. In order to 
investigate the thermal effect of the igneous intrusion on the host-rocks, 13 
representative samples of organic-rich mudstones or mudstone debris in Wells E1, 
together with 35 mudstone samples from Wells E2, E3 and E4, were collected above 
and below the igneous intrusion at various depths with as much stratigraphic coverage 
as possible in boreholes for vitrinite reflectance measurements. In addition, in order to 
differentiate thermal effects linked to igneous intrusions from those associated with 
burial generation, the other 20 representative samples of organic-rich mudstones in 
Wells W1, W2 and W3 located approximately 25 km away from the igneous intrusion, 
with their depths varying between 2000 m and 4200 m, were collected for vitrinite 
reflectance measurements as well. All samples analyzed in the current study were 
selected from drilling cores. 
3.2 Analytical methods 
3.2.1 Geochemistry and Sr-Nd-Pb-Hf isotopic analysis 
Whole rock major elements were analyzed by X-ray fluorescence spectrometry 
(Rikagu RIX 2100) at the Key Laboratory of Continental Dynamics, Northwest 
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University, China. Analyses of a USGS basalt standard indicate precision and 
accuracy both better than 5%. The sample preparation and analytical procedures are 
described in Rudnick et al. 2004. Trace elements of the selected igneous samples were 
measured using Thermo X-series II inductively coupled plasma mass spectrometer 
(ICP-MS) in the Radiogenic Isotope Laboratory (RIF) at the University of 
Queensland (UQ), following sample preparation and analytical procedures described 
in Wei et al. 2014. The international standard samples BHVO-2, BIR-1, AGV1 and 
BCR-2 were run as unknowns, and their values are also presented in Table 1. An 
internal standard solution containing 6 ppb 
6Li-84Sr-115In-147Sm-169Tm-187Re-209Bi-235U was used to monitor signal drift during 
analysis, and external drift correction was performed by repeated analyses of a 
“drift-monitor” of similar matrix for correction of the instrument's long-term drift 
(Wei et al., 2015). The analytical precision is commonly within 5% (Table 1). 
Whole-rock Sr, Nd, Pb and Hf chemical separation procedures used in this 
study are similar to that described by Míková and Denková (2007) and Deniel and Pin 
(2011). Sr isotopic ratios was measured on a VG Sector 54 thermal ionization mass 
spectrometer (TIMS) at UQ. During the period of analysis, the NBS-987 standard was 
used a long-term monitor of the detector efficiency drift, and yielded an average of 
0.710222±20 (2σ). Nd, Pb and Hf isotopes were analyzed fully automatically on the 
Nu Plasma multi-collector ICP-MS (MC-ICP-MS) at UQ. Mass fractionation and 
instrument bias were corrected for by normalizing the raw ratios to 146Nd/144Nd = 
0.7219. Four measurements of the international standard JNdi-1 yielded an average of 
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143Nd/144Nd = 0.512113 ± 9 (2σ, n = 4), which matches well with the value (0.512115 
± 7) reported in Tanaka et al. 2000. For Pb isotopic analysis, repeated analyses of Pb 
isotope standard NBS 981 gave average ratios of 208Pb/204Pb=36.705 ± 14, 
207Pb/204Pb=15.494 ± 4 and 206Pb/204Pb=16.936±5 (2σ, n = 38). Pb isotope data were 
calculated relative to NBS 981 values of 208Pb/204Pb=36.718, 207Pb/204Pb=15.494 and 
206Pb/204Pb=16.941 (Collerson et al., 2002). Hf isotopic fractionation during 
measurement was calibrated using 179Hf/177Hf=0.7325. The measured 176Hf/177Hf for 
Hf isotope standard JMC 475 was 0.282162±10 (2σ, n=5). During the course of this 
study, international standard rocks JG-3, BCR-2 yielded 143Nd/144Nd=0.512626±7 
(2σ), 0.512640±6 (2σ), 208Pb/204Pd=38.4993±14 (2σ), 38.7105±13 (2σ), 
207Pb/204Pd=15.5758±10 (2σ), 15.6209±9 (2σ), 206Pb/204Pd=18.3680±10 (2σ), 
18.7497±10 (2σ), and 176Pb/177Hf=0.282895±4 (2σ), 176Pb/177Hf=0.282880±4 (2σ), 
respectively. Initial Sr-Nd-Pb-Hf isotopic ratios were calculated using the 
emplacement age of 35 Ma (determined in Liu, 2015) for the igneous rocks. The 
initial Sr-Nd-Pb-Hf isotopic ratios, together with their εNd(t), and εHf(t) values 
normalized by chondrite, are listed in Table 2. 
3.2.2 Vitrinite reflectance measurements and clay mineral analyses 
Mean random vitrinite reflectance (Ro%) was measured on polished 
resin-embedded whole rock blocks using a Leica MPV3 photomicroscope equipped 
with white 100W halogen and blue-violet HBO light sources at China University of 
Petroleum (Beijing). Conventional microphotometric methods were used to measure 
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the mean random percentage reflectance in oil immersion. Calibration of Ro% was 
carried out using reflectance standards (Ro%=0.427 for spinel, Ro%=0.905 for 
Yttrium-Aluminium garnet).  
The XRD analyses were carried out on a Bruker Advance MK III X-Ray 
diffractometer equipped with Bragg-Brentano geometry and CuKα radiation at UQ. 
The measurements were operated at 40 kV and 30 mA at a scanning rate of 1°2θ/min 
and 0.05°/step. Clay fractions were separated from sandstone samples using the 
stepwise crushing technique (see details in Qiu et al., 2011) to avoid artificial 
reduction of detrital mineral components. Clay fractions (<2 µm) were separated in 
distilled water and high speed constant-temperature centrifuge. Each clay fraction was 
analyzed two times using the smear-slid technique: untreated and after ethylene–
glycol solvation. For the XRD analysis of glycolated samples, the smear-slides were 
placed in an ethylene–glycol atmosphere at 30~40°C one day prior to XRD analysis. 
The method of differential two-theta (∆2θ) was used to identify the illite content in 
illite-smectite mixed-layer clays (Moore and Reynolds, 1989). 
4. Results  
4.1 Major and trace elements compositions 
The whole-rock major elements and trace elements data are presented in Table 1. 
All studied samples display a narrow range in major element compositions with 
nearly constant silica (SiO2 = 51.4~51.6 wt.%) and total alkaline contents (Na2O+K2O 
= 4.25~4.42 wt.%), plotting within the basalt field in the TAS diagram (Fig. 5). Our 
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results, combined with the data reported in Li et al. 2005 and Li et al. 2013, show that 
the volcanic rocks in the Beibuwan Basin have a large range of MgO and form good 
compositional trends in MgO-variation diagrams (Fig. 5). As shown in Fi.5,  Fe2O3T, 
CaO, CaO/Al2O3, Cr, and Ni correlate positively with MgO, while SiO2 and Al2O3 
increase with decreasing MgO.  
The total content of rare earth elements (ΣREE) for these basaltic rocks ranges 
from 94.2 ppm (VR-5) to 139.1 ppm (VR-1), with an average of 125.9 ppm (Table 1), 
which is somewhat less than the global average value of OIBs (198.9 ppm, Sun and 
McDonough, 1989) (Fig. 6) and the average values of SCS basalts (264.3 ppm, Yan et 
al., 2008), Beibuwan Basin basalts (Li et al., 2005; Li et al., 2013; Yan et al., 2015), 
and Leiqiong Peninsula baslats (Tu et al., 1991; Zou and Fan, 2010). In the 
chondrite-normalized REE diagram (Fig. 6a), all samples exhibit a enrichment in light 
REE, with (La/Yb)N ratios of 9.9~11.2 (with an average value of 10.4). The 
distribution patterns are similar to the volcanic rocks from the Beibuwan Basin (e.g. 
Li et al., 2013) and the SCS, similar to intra-plate OIBs (Sun and McDonough, 1989; 
Halliday et al., 1995; Niu and O'Hara, 2003). No significant negative Eu anomalies 
(δEu=0.89~1.1, with average value of 1.0) are observed.  
In the primitive mantle-normalized trace-element distribution diagram, all 
gabbro samples show similar distribution patterns (Fig. 6b), similar to those of the 
Beibuwan Basin and SCS. As a whole, the studied samples show a typical intraplate 
characteristic with enrichment of large-ion lithophile elements (LILE) and high field 
strength elements (HFSE) such as Nb and Ta show some enrichment, similar to those 
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of OIB (Fig. 6). 
4.2 Sr-Nb-Pb-Hf isotopic compositions 
The Sr-Nd-Pb-Hf isotope data are listed in Table 2 and Fig. 7. Gabbroic samples 
exhibit fairly uniform 87Sr/86Sri (0.70420~0.70431) and 143Nd/144Ndi 
(0.512800~0.512879) ratios, with average values of 0.704228 and 0.512825, 
respectively. In the 143Nd/144Ndi vs. 87Sr/86Sri space, they are located in the Indochina 
Peninsula, OIB and the SCS fields. The studied samples have radiogenic Sr isotopic 
compositions (0.7043~0.7044) slightly higher than quaternary basaltic volcanic rocks 
in the Beibuwan Basin (87Sr/86Sr = 0.7035~0.7040) (Li et al., 2005; Li et al., 2013). 
The regressive line for the Sr-Nd isotopic data points is roughly parallel to the linking 
line between DMM and EMII, suggesting a mixed source between DMM and EMII 
(Figs. 7 and 8).  
The studied samples display narrow ranges of 206Pb/204Pbi ratios (18.91~18.94), 
207Pb/204Pbi ratios (15.67~15.68) and 208Pb/204Pbi ratios (39.05~39.08). As shown in 
Fig. 7, all the samples plot above the northern hemisphere reference line (NHRL), and 
the slope trend of Pb isotopic data points is much higher than that of NHRL. The 
studied samples have radiogenic Pb isotopic compositions higher than the quaternary 
basaltic volcanic rocks (207Pb/204Pb = 15.57~15.64, 208Pb/204Pb = 38.54~38.73, 
206Pb/204Pb = 18.42~18.52) in Beibuwan Basin (Li et al., 2005; Li et al., 2013). The 
whole-rock isotopic analyses have given 176Hf/177Hfi ratios of 0.282497 to 0.282552, 
corresponding εHf(t) values from +7.65 to +9.60.  
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4.3 Vitrinite reflectance data and clay mineralogy 
The plot of Ro vs. depth is shown in Fig. 9, illustrating two different trends in the 
Fushan Depression. The Ro vs. depth profile for the Western Fushan Depression 
displays a normal thermal maturity trend. The Ro values increase gradually from 0.4% 
at 2100 m to 0.8% at 4100 m, showing a maturation gradient for Ro of 0.02% per 100 
m. This trend implies that the organic matter in the western area was not affected by 
the intrusive body. By contrast, the Ro vs. depth profile for the intrusion region clearly 
shows an anomalously high Ro value zone (from 2600 m to 3200 m) in the lower part 
of the SQEls2 due to the occurrence of the igneous intrusion. The Ro value over this 
zone increases sharply from 0.5% at 2400 m to >1.5% around 3000 m, and reaches up 
to 2.5% at the depth of 3120.5 m. The underlying SQEls3 Formation in this region 
shows even lower reflectance values that ranges between 0.7% and 1.0%. The 
anomalously high Ro value zone developed in the intrusion region suggests that the 
rocks above the igneous body were strongly affected by the gabbro intrusion. 
XRD analysis confirms that mixed-layered illite-smectite and kaolinite are the 
dominant clay minerals in the <2 µm clay fractions separated from the sedimentary 
samples (Fig. 10). All studied samples contain significant mixed-layered 
illite-smectite (I/S), which is even the only mineral in a number of rocks (e.g. 
Sandstone C in Fig.10). The 001 I/S peaks of ~10Å of clay fractions of the 
sandstone/mudstone samples at 3100-3500 m show minimal to no shift of peaks upon 
ethylene glycolation (Fig. 10), suggesting that they are mainly composed of 
long-range ordered (R ≥3) I/S that contains >90% illite layers.  
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5. Discussion 
5.1 Petrogenesis of volcanic rocks from Beibuwan Basin 
Trace element distribution patterns of the studied samples are very similar to 
average of typical Ocean-Island basalts (OIB, Fig. 6). They are also characterized by 
possessing primitive mantle-like Zr/Hf (42.1~49.4), Nb/Ta (18.5~18.9), and Nb/U 
ratios (37.1~39.3) (Sun and McDonough, 1989). These incompatible trace element 
ratios are insensitive to low pressure fractional crystallization, but sensitive to 
continental crustal contamination (Wang et al., 2015), and can be used to identify 
crustal input in their formation. There, the primitive mantle-like ratios, which is much 
higher than those of the continental crust values (Zr/Hf = 32.7, Nb/Ta = 12.4, Nb/U = 
2.5), combining with OIB-type trace element distribution patterns and nearly constant 
but depleted initial Sr-Nd isotopes, suggest an insignificant role of the continental 
crust contamination in the petrogenesis of the volcanic rocks in Beibuwan Basin.  
The studied samples exhibit slightly enriched Sr and Pb isotopic signatures 
(87Sr/86Sri = 0.7042~0.7043, 207Pb/204Pbi = 39.05~39.08, and 208Pb/204Pbi = 
15.67~15.68) relatively to those of Quaternary volcanic rocks (87Sr/86Sr, 207Pb/204Pb, 
and 208Pb/204Pb are 0.7034~0.7041, 38.04~38.86 and 15.50~15.66, respectively). This 
is consistent with evidence from Nb/U and Ce/Pb ratios (with average values of 38.4 
and 3.8), which are lower than Quaternary volcanic rocks from the same region (with 
average values of 48.7 and 9, Li et al., 2005 and Li et al., 2013). There are three 
possibilities to produce enriched Sr-Pb isotopes and Ce/Pb and Nb/U ratios: 
post-magmatism alteration, crustal input, and enriched source region. Because the low 
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values of Loss on ignition (LOI) and no secondary silica minerals have been 
identified, the post-magmatism alteration cannot result in such enriched signatures. 
Although significant crustal contamination has been excluded, the effect of crustal 
input on the feature of ratios related Pb and Pb isotopes cannot be full excluded 
because of presence of positive Pb anomalies. The binary mixing between typical 
upper continental crust (Ce= 63 ppm, Pb =17 ppm, Nb = 12 ppm, U = 2.7 ppm from 
Rudnick and Gao, 2003; 87Sr/86Sr =0.708 from Willbold and Stracke, 2010; 
206Pb/204Pb=18.9 from Zhu et al., 2010) and average of Quaternary volcanic rocks 
(Ce= 36 ppm, Pb =4.1 ppm, Nb = 42 ppm, U = 0.7 ppm, 87Sr/86Sr =0.703, 
206Pb/204Pb=18.2 from Li et al., 2005, Li et al., 2013 and Yan et al., 2015) shows that 
it requires about 25%~90% upper crustal input to shift the Ce/Pb and Nb/U ratios and 
Sr-Pb isotopes from the average value of Quaternary volcanic rocks. Such a high 
proportional upper crustal input is inconsistent with the basaltic compositions (Fig. 5) 
and relatively high compatible elements (MgO = 5.8 wt.% , Cr =132 ppm, and Ni = 
79 ppm). Therefore, the enriched Ce/Pb and Nb/U ratios and Sr-Nd isotope signatures 
in the studied samples are contributed to the nature of their source region. Thus, the 
difference between the studied samples and Quaternary volcanic rocks most likely 
reflect the heterogeneous nature of the mantle source beneath the South China Sea.  
It has been widely accepted that the mantle source of intraplate basaltic rocks are 
highly heterogeneity (White, 1985; Zindler and Hart,1986). As shown in Fig. 7 and 
Fig. 8, the correlations of 87Sr/86Sri vs. 143Nd/144Ndi, 207Pb/204Pbi vs.206Pb/204Pbi, 
208Pb/204Pbi vs.206Pb/204Pbi suggest the volcanic rocks in the Fushan Depression mostly 
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likely reflect mixing between Depleted MORB mantle (DMM)and the EMII (e.g. 
Zindler and Hart,1986; Stracke et al., 2003). This is consistent with the evidence from 
the basalts from Beibuwan Basin (Jia et al., 2003; Li et al., 2005; Li et al., 2013), 
Leiqiong Peninsula (Tu et al., 1991; Wang et al., 2012), and the SCS (Tu et al., 1992; 
Yan et al., 2008). Because of the lack of plume-like seismic structure and presence of 
Dupal-like Pb-Sr-Nd isotope signatures, previous study attributed the enrichment 
components to sub-continental lithospheric mantle (SCLM) metasomatized by 
pre-existing fluids (Tu et al., 1992). However, the more recent studies proposed that 
the latter member (EMII) is the key component of the Hainan mantle plume (Yan et 
al., 2008; Zou and Fan, 2010; Yan et al., 2015), and the existence of Hainan mantle 
plume has also been supported by recent geophysical observations (e.g. Lebedev and 
Nolet, 2003; Zhao, 2007). The Nd isotopic compositions that are significantly lower 
than the asthenospheric values (0.5130~0.5132) do not indicate a highly depleted 
asthenospheric mantle source. This suggests that the EMII may have originated from 
the Hainan mantle plume, which is consistent with the conclusions of the previous 
studies (e.g. Yan et al., 2008; Zou and Fan, 2010; Yan et al., 2015).  
5.2 Impact of the large-scale igneous intrusion on thermal maturity 
The anomalously high Ro value zone (from 2850 m to 3750 m) developed in the 
intrusion region clearly shows that the host rocks around the igneous body have been 
strongly affected by the heat of the igneous intrusion. As a result, the host rocks 
around the intrusion body are characterized by extremely high Ro data (Ro> 1.5% at 
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3200 m), apparently higher than that of the underlying SQEls3 strata (Ro = 0.9% at 
4000 m) (Fig. 9). By contrast, in the western area, lower reflectance values (Ro = 
0.54~0.71%) occur in a region not affected by igneous intrusions within the same 
depth range (Fig. 9). None of the hydrocarbon source rocks have attained such a 
maturation level, except those from the intrusion affected region. The comparison of 
Ro profiles between the western and the eastern areas suggests that the thermal 
maturity of the host rocks increases extremely rapidly in the intrusion region when 
compared with long-time burial generation processes.  
The biomarker [Ts / (Ts+Tm)] is another well-known maturity-related parameter 
in organic geochemistry (e.g. Pan et al., 2017). The biomarker around the intrusion 
body are characterized by extremely high [Ts / (Ts+Tm)] data (0.85 at 3200 m), 
apparently higher than that of the underlying SQEls3 strata (0.63 at 3800 m) and the 
overlying SQEls1 strata (Ro = 0.55 at 2800 m) (Fig. 11). This observation further 
evidences that the host rocks around the igneous body have been strongly affected by 
the heat of the igneous intrusion. 
This observation is also confirmed by the XRD mineralogical examination 
results of the host rocks buried from 3100 m to 3500 m, which reveal major 
mineralogical changes induced by the igneous intrusion. The development of such 
body results in the formation of long-range ordered (R3) mixed-layer minerals (Fig. 
10). The SEM images of the sandstones adjacent to the intrusive body (Fig. 12) shows 
that the most abundant clay mineral in sandstones is illite with a volume content of > 
90%, which matches well with the observations of XRD results. The first occurrence 
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of as a result of the transformation process from smectite to illite of up to 90% 
corresponds to a paleo-temperature of about 170~180˚C (according to the I/S 
geothermometry model described in Hoffman and Hower, 1979; Jennings and 
Thompson, 1986 and Pollastro, 1989). The Ro values of the studied host samples at 
3100-3500 m varies between 1.1% and 2.5%, with values over 1.5% being dominant 
that corresponds to a maximum paleo-temperature of ca. 180 ˚C (Barker and 
Pawlewicz, 1986) (Fig. 13).  
Moreover, this observation also matches well with the residual abundance of 
organic carbon, which displays an abnormal low abundance zone exactly located in 
the intrusion region (Fig. 14). Considering that the paleogeomorphology of the eastern 
area is characterised by a gentle slope with little change in slope gradient (Liu et al., 
2015), this abnormal low abundance zone should result from the hydrocarbon 
generation process induced by the magmatic intrusion. In other words, maturation of 
hydrocarbon occurred rapidly in the Eastern Fushan Depression, consuming certain 
content of organic carbon and thus resulting in the abnormal low value in residual 
abundance of organic carbon. The long-range ordered I/S occurs at about 170~180˚C 
(Pollastro, 1989), which is over-mature for liquid hydrocarbon generation and 
corresponds to the formation of gaseous hydrocarbon. This matches well with the 
exploration results in the Fushan Depression showing that the region of the igneous 
intrusion is a typical gas-bearing zone with the gas-oil ratio over 1200. By contrast, 
the western area in the Fushan Depression is a typical oil-bearing zone with the 
gas-oil ratio of 25.  
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In addition, it is interesting to notice that vitrinite reflectance data of the host 
rocks are more variable than I/S data. Specifically, there are a small amount (25%) of 
vitrinite reflectance data falling within the range of 1.1~1.5% at 3100-3500 m with 
calculated paleotemperatures varying between 110°C and 170 °C (Barker and 
Pawlewicz, 1986) (Fig. 9). By contrast, the analyzed rocks contain over 90% illite in 
I/S, and the corresponding paleotemperatures are at least 170˚C (Fig. 13). For these 
samples, the temperatures calculated by vitrinite data are obviously lower than those 
estimated by clay mineral assemblage. A similar phenomenon has also been noticed in 
some previous studies (e.g. Aldega et al., 2007; Suchý et al., 2015). This is probably 
because: (1) the studied mudstone samples contains different types of organic matter, 
which are characterised by different sensitivities to increasing heating rate (e.g. Cole, 
1994; Suchý et al., 2015) (2) compared with organic materials, clay mineral reaction 
is more sensitive to geological heating rates (for a review, see Frey and Robinson, 
1999);.  
The contact effects of igneous intrusions on organic maturation and clay mineral 
reactions are greatly influenced by their thickness (Bühmann, 1992). Many previous 
studies (e.g. Hillier et al., 1995; Smart and Clayton, 1985; Uysal et al., 2000) have 
documented that the effect of thin igneous intrusions on clay mineral reactions is 
extremely limited. It has been documented that the igneous dykes of less than 20 m in 
thickness is still too thin to produce a regional thermal anomaly that could lead to the 
maturation of the host rocks (Vásquez et al., 2009). And intensive illitisation due to 
heating of intrusion cannot be observed, which is attributed to the delay in clay 
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reaction ( Uysal et al., 2000; Aghaei et al., 2015). However, this phenomenon did not 
occur in the Fushan Depression. Instead, all the clay samples separated from the 
sandstones/mudstones (from 3100 m to 3500 m) are long-range ordered (R3) 
mixed-layer minerals (Fig. 10).  
Although only limited data are available in this study, the Ro data (e.g. Ro = 0.8% 
at 2850 m; 0.9% at 2880 m; 1.6% at 3080 m; 0.8% at 3750 m) measured on the 
mudstone samples from Well E1 indicate that the range of the thermal aureole above 
the laccolith is more than twice the thickness of the laccolith, but approximately one 
time the thickness below the laccolith (Fig. 9). Both intensive clay mineral reactions 
and organic maturation have been observed in a wide zone (over 400 m) adjacent to 
the intrusion, suggesting the thermal effect of large-scale thick igneous intrusions is 
much more intense than that of thin igneous intrusions. Mainly because large igneous 
intrusions usually generate large volumes of fluid, which results in relatively long 
heating duration (> 105 years) and more widespread thermal effects (Duddy et al., 
1994). Our observations indicate that when we discuss the thermal effect of igneous 
intrusions, large-scale igneous intrusions should be treated differently.  
5.3 The vertical differences in heat transfer and hydrothermal process 
The vitrinite reflectance profile of the eastern area shows that, under the thermal 
effects of the gabbro laccolith, vitrinite reflectance values of the host rocks increase 
with the decrease of the distance to the laccolith both above and below the laccolith. 
The data of the samples from Well E1 (see the blue points in Fig. 9) display the same 
trend. However, it is interesting to note that the rocks above the laccolith were more 
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strongly affected by the gabbro intrusion than those below. This observation contrasts 
with the conclusions reported by Zhu et al. 2007 and Monreal et al. 2009, which 
suggest that the host rocks under the igneous bodies are characterised by higher 
maturity than above.  
Generally speaking, in the regions of igneous intrusions, the heat transfer by 
convection of fluids is more efficient and intense than that by conduction of rocks 
( Duddy et al., 1994; Uysal et al., 2000; Polyansky et al., 2003; Zhu et al., 2007). Thus, 
the heat transfer in the host rocks is predominately controlled by the processes of 
hydrothermal fluids. Moreover, the composition of hydrothermal fluids also plays a 
significant impact on the thermal effect of hydrothermal fluids. The CO2-rich fluids in 
the hydrothermal systems has been known to give rise to a high fluid flux and the 
associated heat release (Chiodini et al., 2007), making convection of fluids much 
stronger (Straus and Schubert, 1979). The chemical compositions of natural gases 
produced from the intruded region in the Fushan Depression (Table 3) show that their 
CO2 contents vary considerably (1.15%~97.2%). The gases around the laccolith are 
characterised by extremely high contents of CO2 (from 47.8% to 97.2%, with an 
average at 78.2%), followed by the gases above the laccolith (from 1.15% to 90.2%, 
with an average at 35.9%) and then below the laccolith (less than 6.59%). Compared 
with the gases below the laccolith, the gases above and around the laccolith contain 
significantly higher contents of CO2.  In the Well E3, for example, the gases around 
and above the laccolith are dominated by CO2 (89.2% at 3211~3230 m, 57.1 at 
2921-2942 m), whereas the gases below the laccolith contain less than 5% CO2. Li et 
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al. (2008a) reported the stable carbon isotopic compositions of the CO2 as well as 
isotopic compositions of helium, which show that the δ13C values of CO2 range 
between -5.0‰ and -7.4‰, and 3He/4He ratios vary from 4.74×10-6 to 5.03×10-6, 
with the corresponding R/Ra values of 3.28-3.59 (Li et al. 2008a; Table 3). These data 
suggest that the mantle is a substantial source of CO2. Using a simple binary mixing 
model, Li et al. 2008a demonstrates that over 90% of the CO2 discovered in the 
intruded region of the Fushan Depression is mantle derived.  
Therefore, our results clearly show that CO2 derived from the igneous intrusion is 
an important composition of the hydrothermal fluids. The presence of CO2 provides a 
good explanation of the difference between the degree in the alteration stage of the 
sediments above and below the laccolith. In a CO2-rich setting, hydrothermal process 
is promoted by the physical effect of the CO2. CO2 is buoyant with low density, and 
usually acts as heat transmission fluid (Brown, 2000; Preuss, 2006). Because of these 
features, CO2 always moves upwards upon pressure reduction (Luo et al., 2014), 
leading to the development of large amounts of CO2 in the fluids above the laccolith. 
Intensive degassing of CO2-saturated fluids in the hydrothermal systems has been 
known to give rise to a high fluid flux and the associated heat release (Chiodini et al., 
2007), making convection around and above the laccolith much stronger than below 
(Straus and Schubert, 1979). Another reason for the stronger thermal effect of the 
igneous intrusion should be attributed to the development of several hundreds of 
meters of mudstones around the laccolith. This zone acted as a heat reservoir hosting 
hot fluids and increased the overall geothermal gradient, creating an additional heat in 
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the above sections (Uysal et al., 2000). Therefore, we attribute the difference in 
thermal effect of the igneous intrusion between above and below the laccolith to the 
different behavior of hydrothermal fluids. The distribution of CO2 suggests that the 
hydrothermal circulation was mostly restricted to this lower zone (Fig. 15). Above the 
laccolith, the occurrence of CO2-rich intrusion-heated fluids together with the upper 
mudstone section resulted in intensive hydrothermal fluid circulation and therefore a 
rapid increase in thermal gradient (Fig. 15). Below the laccolith, the low content of 
CO2 indicates the absence of hydrothermal fluid circulation. The contact effects of the 
igneous intrusion is characterised by conductive heat transfer, which is limited 
compared to that of hydrothermal circulation (Fig. 15). Consequently, due to the 
different behavior of hydrothermal fluids, the thermal alteration above the laccolith 
was more intense and can prolong for a longer period than below, which therefore 
results in higher Ro values above the laccolith (Fig. 15). This matches well with our 
observation that the range of the thermal aureole above the laccolith is more than 
twice the thickness of the laccolith, but approximately one time the thickness below 
the laccolith (Fig. 9). There are many possible reasons (e.g. differences in thermal 
conductivity, fractures and fluid flow) for these differences (Aghaei et al., 2015). As 
mentioned above, we imply that the behavior of hydrothermal fluids should be a 
significant impact factor.  
6 Conclusions 
In this study, we report new geochemistry and high precision Sr, Nd, Pb and Hf 
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isotope data for the intrusive rocks located at the depth of ~3370 m in the Beibuwan 
Basin, South China Sea. Thermal effect of this large-scale igneous intrusion on the 
host rocks was also discussed. The following conclusions can be drawn:  
(1) This study characterizes a large-scale thick igneous intrusion, which extended 
horizontally about 220 km2 with maximum thickness of 170 m and intruded within 
Eocene Liushagang Formation in the Fushan Depression, Beibuwan Basin.  
(2) Geochemical and Sr-Nd-Pb-Hf isotopic compositions suggest that all the 
intrusive rocks are OIB-like, and the igneous intrusion was formed by mixing 
between depleted mid-ocean-ridge-basalt (MORB) mantle (DMM)-like mantle and 
enriched mantle type II (EMII, probably originated from the Hainan mantle plume). In 
addition, our data indicate that volcanism in the SCS region may be more 
heterogeneous and widespread than previously believed.  
(3) Both vitrinite reflectance values and major mineralogical changes suggest 
that the thermal effect of large-scale thick igneous intrusions is much more intense 
than that of thin igneous intrusions. The host rocks around the intrusion body are 
characterized by extremely high Ro data (Ro>1.5% at 3200 m), apparently higher 
than that of the underlying SQEls3 strata.  
(4) The host rocks above the igneous intrusion are characterised by higher 
maturity than below, which should be attributed to the different behavior of 
hydrothermal fluids. Above the laccolith, the occurrence of CO2-rich intrusion-heated 
fluids derived from the igneous intrusion together with the upper mudstone section 
resulted in intensive hydrothermal fluid circulation. As a result, the thermal alteration 
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above the laccolith was more intense and can prolong for a longer period than below, 
which matches well with the observation that the extent of the thermal aureole above 
the laccolith is more than twice the thickness of the laccolith but approximately one 
time the thickness below. 
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Collected figure captions 
Fig.1. Simplified geological map of (a) the South China Sea and its adjacent regions; 
(b) Fushan Depression, Beibuwan Basin. The range of intrusive rocks and the 
sampling location are also shown in the figure 1(b).  
Fig.2. The Paleogene sedimentary sequence and stratigraphic framework of the 
Fushan Depression, South China Sea. 
Fig.3. Interpreted seismic section (S-N direction) showing seismic reflection 
characteristics and location of the intrusive rocks. The most diagnostic acoustic 
characteristics of the igneous intrusion is its very high amplitude relative to the host 
sedimentary reflections. The location of the section is shown in Figure 1. 
Fig.4. Images showing sampling location, sedimentary environment and lithologies of 
the drill core from the Fushan Depression, South China Sea: (a) sedimentary 
environment analysis of the drill core showing that the volcanic rocks intruded into 
several hundred meters of mudstones, and the sedimentary environment of SQEls2 is 
semi-deep lake. (b) the images of the drill core and five selected volcanic rocks for 
geochemistry and Sr-Nd-Pb-Hf analysis. (c) the microscopic images of the volcanic 
rocks showing that the main mineral assemblage are plagioclase (50~55 vol.%), 
clinopyroxene (20~25 vol.%), hypersthene (5~10 vol.%), quartz (~5 vol.%) and 
magnetite (~3 vol.%). C1 and C3 are microscopic images of VR-1 and VR-3 with 
plane-polarized light, and C2 and C4 are their corresponding microscopic images with 
cross-polarized light. The minerals marked in the figure are: Pl= plagioclase, Cpx= 
clinopyroxene, Hypx= hypersthene, and Q= quartz. 
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Fig.5. (a) The K2O+Na2O vs. SiO2 diagram (Le Bas et al., 1986) for the volcanic 
rocks plotted on an anhydrous basis. (b)–(h)MgO-variation diagrams showingmajor 
element oxides, Sc, Cr, Ni and CaO/Al2O3 for the volcanic samples from the Fushan 
Depression. Arrows with decreasing MgO approximate first-order trends dominated 
by fractional crystallization.Fig.6. (a) Chondrite-normalized rare earth element 
patterns and (b) Primitive mantle-normalized trace element distribution patterns for 
the whole-rock intrusive rocks from the Fushan Depression, Beibuwan Basin. Data 
for primitive mantle are from Sun and McDonough (1989), data for Beibuwan Basin 
are from Li et al.2005 and 2013, and data for SCS are from Yan et al. 2008. 
Fig.7. (a) 87Sr/86Sri versus 143Nd/144Ndi (b) 208Pb/204Pbi versus 206Pb/204Pbi, and (c) 
207Pb/204Pbi versus 206Pb/204Pbi plots for the intrusive rocks from the Fushan 
Depression, Beibuwan Basin. The approximate fields for DMM, HIMU, EMI, and 
EMII are from Zindler and Hart (1986), for OIB is from Castillo (1988) and for Indian 
Ocean-type MORB is from Mahoney et al. (1989). Data for the Leiqiong peninsula 
are from Tu et al. (1991) and Zou and Fan (2010). Data for South China Sea are from 
Yan et al. (2008). 
Fig.8. (a) 87Sr/86Sri versus 206Pb/204Pbi and (b) 143Nd/144Ndi versus 206Pb/204Pbi for the 
intrusive rocks from the Fushan Depression, Beibuwan Basin. The ranges of 
end-members are from Stracke et al. 2003.  
Fig.9. Map showing the range and distribution of the intrusive rocks from the Fushan 
Depression, South China Sea. The plots of Ro vs. depth for both the Eastern and the 
Western Fushan Depression are also shown in the map, showing the significant 
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thermal effect of the igneous intrusion on the host rocks in the eastern area.  
Fig.10. XRD patterns corresponding to <2 µm oriented fractions of sandstones buried 
between 3100 m and 3500 m, showing that they mainly consist of long-range ordered 
(R3) mixed-layer minerals. 
Fig.11. The plots of a maturity-related parameter [Ts / (Ts+Tm)] vs. depth in the 
intrusion region of the Fushan Depression, showing the significant thermal effect of 
the igneous intrusion on the host rocks in the eastern area. 
Ts=18α(H)-22,29,30-trisnorneohopane; Tm=17α(H)-22,29,30-trisnorhopane (details 
are described in Pan et al. 2017). The values of [Ts / (Ts+Tm)] are from the internal 
report of the Fushan Petroleum Exploration & Development Company.  
Fig.12. SEM photomicrographs illustrating morphological features of I/S in 
sandstones adjacent to the intrusive body. R3 type illitic clays with > 90% illite layers 
are composed of euhedral laths and plates.  
Fig.13. Illite content in I/S vs. the vitrinite reflectance data of the host rocks buried 
between 3100 m and 3500 m.  
Fig.14. The residual abundance of organic carbon in the Fushan Depression, South 
China Sea.  
Fig.15. Schematic reconstruction (not to scale) showing the heat and fluid flow 
processes in the intrusion region of the Fushan Depression, South China Sea. The 
behavior of hydrothermal fluids above the laccolith is significantly different from that 
below. Above the laccolith, the occurrence of CO2-rich intrusion-heated fluids derived 
from the igneous intrusion together with the upper mudstone section resulted in 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
37 
 
intensive hydrothermal fluid circulation. By contrast, below the laccolith, there is no 
or limited hydrothermal fluid circulation. 
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Table 1 Major element (wt%) and trace element (in ppm) concentration data  for the igneous rocks from the Fushan Depression, Beibuwan 
Basin, SCS 
 
Sample  Depth (m) SiO2 TiO2 Al2O3 
TFe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total  
VR-1 3369.0 51.44 2.13 14.85 11.30 0.13 5.70 8.01 3.20 1.18 0.38 1.35 99.67  
VR-2 3370.3 51.78 2.12 14.64 10.89 0.14 5.77 8.26 3.23 1.23 0.37 1.30 99.73  
VR-3 3371.8 51.61 2.20 14.33 11.05 0.17 5.68 8.69 3.09 1.16 0.35 1.62 99.95  
VR-4 3373.5 51.55 2.14 14.55 10.95 0.16 5.71 9.21 3.11 1.17 0.36 0.98 98.91  
VR-5 3375.2 51.67 2.21 14.71 11.12 0.16 5.72 8.24 3.21 1.21 0.38 1.21 98.63  
 
 
Sample Depth (m) Li Be Mg P Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Rb Sr Y 
VR-1 3369.0 6.83  1.80  29723  1970  61049  18.2  13584  167  151  1242  75626  33.1  65.1  55.5  145  23.2  32.3  505  20.1  
VR-2 3370.3 7.30  1.87  32185  2149  37663  17.3  13668  158  112  871  101781  33.4  83.3  49.5  57.6  22.4  29.2  472  18.8  
VR-3 3371.8 5.53  1.75  27432  2306  46879  17.8  14932  170  130  836  82536  25.2  60.0  56.3  57.6  23.6  32.9  529  19.3  
VR-4 3373.5 6.99  1.76  32926  2030  62298  17.9  13641  161  141  1340  76801  46.9  121  52.6  126  21.8  29.6  485  19.9  
VR-5 3375.2 4.81  1.25  22262  1460  43924  12.9  9575  115  126  945  52742  26.9  67.4  58.0  87.2  15.6  21.0  343  14.1  
JG3  23.0  1.74  10897  615  26971  8.51  2933  58  21.2  551  25629  11.2  13.5  6.93  43.0  16.6  68.8  373  14.2  
BCR-2  10.0  2.55  21848  1755  51957  33.9  14184  428  15.8  1547  97199  38.1  11.8  22.2  135  22.5  48.4  349  32.3  
                     
Sample Depth Zr Nb Mo Cd Sn Sb Cs Ba La Ce Pr Nd Sm Eu Tb Gd Dy Ho Er 
VR-1 3369.0 198  32.1  2.03  0.12  1.37  0.06  1.94  292  20.6  42.0  5.21  22.0  5.52  1.90  0.83  5.65  4.40  0.81  1.97  
VR-2 3370.3 200  33.5  1.89  0.09  1.01  0.27  1.54  242  21.0  43.0  5.28  22.2  5.42  1.59  0.80  5.45  4.27  0.79  1.94  
VR-3 3371.8 219  36.9  2.12  0.09  2.04  0.14  1.41  288  22.3  45.4  5.56  23.4  5.70  1.80  0.82  5.71  4.43  0.81  1.97  
VR-4 3373.5 186  31.9  1.85  0.10  1.41  0.07  1.83  278  20.0  41.0  5.12  21.8  5.48  1.92  0.82  5.61  4.34  0.79  1.94  
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VR-5 3375.2 118  22.6  1.32  0.08  4.30  0.04  1.20  197  14.5  29.7  3.70  15.8  3.96  1.37  0.59  4.04  3.13  0.57  1.39  
JG3  33.7  6.18  0.35  0.03  1.13  0.04  2.01  478  21.1  43.2  4.80  17.4  3.31  0.84  0.45  2.94  2.65  0.56  1.59  
BCR-2  224  12.8  235  0.33  1.07  0.28  1.18  845  25.4  54.6  6.95  28.9  6.60  1.95  1.06  6.76  6.38  1.33  3.67  
                     
Sample Depth 
Tm Yb Lu Hf Ta W Tl Pb Th U δEu 
Nb/
Ta 
Zr/
Hf 
Nb/
U 
Ce/
Pb 
Nb/
Ta  
  
VR-1 3369.0 0.26  1.46  0.20  4.06  1.73  0.48  0.12  13.1  3.29  0.86  1.04 18.6  48.7  37.5  3.2  18.6     
VR-2 3370.3 0.25  1.42  0.19  4.10  1.81  0.60  0.16  19.4  3.29  0.85  0.89 18.6  48.9  39.3  2.2  18.6     
VR-3 3371.8 0.25  1.43  0.19  4.44  1.96  0.42  0.09  5.71  3.68  0.94  0.97 18.9  49.4  39.2  7.9  18.9     
VR-4 3373.5 0.25  1.44  0.20  3.84  1.70  0.35  0.17  14.3  3.09  0.82  1.06 18.8  48.6  38.9  2.9  18.8     
VR-5 3375.2 0.18  1.03  0.14  2.81  1.22  0.25  0.10  10.2  2.28  0.61  1.05 18.5  42.1  37.1  2.9  18.5     
JG3  0.24  1.62  0.24  1.24  0.57  12.6  0.38  9.98  8.00  2.33           
BCR-2  0.54  3.41  0.51  4.90  0.74  0.44  0.26  9.65  5.72  1.71           
 
LOI= Loss On Ignition that was determined by placing 500 mg of samples in the muffle furnace at 1000 °C for several hours before cooled in a desiccator and 
reweighed.  
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Table 2 Sr-Nd-Pb-Hf isotopic compositions for the igneous rocks from the Fushan Depression, Beibuwan Basin, South China Sea 
 
Sample 
Depth 
(m) 
Pb 
ppm 
208Pb/ 
204Pb 
2 sigma 
207Pb/ 
204Pb 
2 sigma 
206Pb/ 
204Pb 
2 sigma 
(208Pb/ 
204Pb)i 
2 sigma 
(207Pb/ 
204Pb)i 
2 sigma 
(206Pb/ 
204Pb)i 
2 sigma 
VR-1 3369.0 13.1 39.0587 0.0012 15.6698 0.0009 18.9128 0.0011 39.0580 0.0012 15.6697 0.0009 18.9115 0.0011 
VR-2 3370.3 19.4 39.0830 0.0010 15.6776 0.0007 18.9390 0.0008 39.0825 0.0010 15.6776 0.0007 18.9381 0.0008 
VR-3 3371.8 67.0 39.0824 0.0015 15.6802 0.0012 18.9430 0.0012 39.0805 0.0015 15.6800 0.0012 18.9397 0.0012 
VR-4 3373.5 14.3 39.0569 0.0009 15.6701 0.0006 18.9155 0.0007 39.0563 0.0009 15.6700 0.0006 18.9144 0.0007 
VR-5 3375.2 10.2 39.0492 0.0030 15.6690 0.0019 18.9089 0.0032 39.0485 0.0030 15.6689 0.0019 18.9077 0.0032 
JG3 Std 9.98 38.4993 0.0014 15.5758 0.0010 18.3680 0.0010       
BCR-2 Std 9.65 38.7105 0.0013 15.6209 0.0009 18.7497 0.0010       
 
 
 
Sample 
Depth 
(m) 
Rb 
ppm 
Sr 
ppm 
87Rb/ 
86Sr 
2 sigma 87Sr/86Sr 2 sigma 
(87Sr/ 
86Sr)i
 
2 sigma 
Sm 
ppm 
Nd 
ppm 
147Sm/ 
144Nd 
2 
sigma 
143Nd/144Nd 2 sigma 
(143Nd/ 
144Nd)i 
2 sigma εNd(t) 
2 
sigma 
VR-1 3369.0 32.3 505 0.18462 0.0017 0.704292 0.000010 0.704200 0.000010 7.86 41.4 0.1514 0.0014 0.512835 0.000006 0.512800 0.000006 +3.84 0.12 
VR-2 3370.3 29.2 472 0.17909 0.0018 0.704395 0.000009 0.704306 0.000009 3.96 15.8 0.1475 0.0009 0.512850 0.000006 0.512816 0.000006 +4.14 0.12 
VR-3 3371.8 37.3 788 0.13681 0.0009 0.704294 0.000009 0.704226 0.000009 5.42 22.2 0.1369 0.0007 0.512910 0.000006 0.512879 0.000006 +5.31 0.12 
VR-4 3373.5 29.6 485 0.17648 0.0010 0.704289 0.000010 0.704201 0.000010 5.52 22.0 0.1520 0.0008 0.512844 0.000006 0.512809 0.000006 +4.02 0.12 
VR-5 3375.2 21.0 343 0.17705 0.0013 0.704297 0.000010 0.704209 0.000010 5.48 21.8 0.1515 0.0008 0.512856 0.000006 0.512821 0.000006 +4.25 0.12 
JG3 Std 68.8 373 0.53331 0.0063 0.705381 0.000009   6.97 30.8 0.1150 0.0008 0.512626 0.000007   -0.20 0.14 
BCR-2 Std 48.4 349 0.40082 0.0023 0.705008 0.000013   3.12 10.3 0.1381 0.0005 0.512640 0.000006   +0.08 0.12 
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Sample  Depth (m) Hf (ppm) 176Hf/177 Hf 2 sigma (176Hf/177 Hf)i 2 sigma εHf (t) 2 sigma 
VR-1 3369.0 4.06 0.282988 0.000005 0.282497 0.000005 7.65 0.18 
VR-2 3370.3 4.10 0.282990 0.000004 0.282499 0.000004 7.72 0.14 
VR-3 3371.8 2.21 0.283043 0.000004 0.282552 0.000004 9.60 0.14 
VR-4 3373.5 3.84 0.282990 0.000004 0.282499 0.000004 7.72 0.13 
VR-5 3375.2 2.81       
JG3 Std 1.24       
BCR-2 Std 4.90       
(a) 87Sr/86Sr ratios were normalized to 86Sr/88Sr=0.1194. 143Nd/144Nd ratios are normalized to 146Nd/144Nd=0.7219. 
εNd=[(143Nd/144Ndsample)/(143Nd/144NdCHUR)-1]*104 and 143Nd/144NdCHUR=0.512636.  
(b) Hf isotopic fractionation during measurement was calibrated using 179Hf/177Hf=0.7325, and ΕHf=[(176Hf/177 Hf sample)/(176 Hf /177 Hf CHUR)-1]*104 and 176Hf /177 Hf 
CHUR=0.282769. Errors are quoted at 2δ confidence level 
(c) The age-corrected isotopic ratios are calculated as follows: 
(87Sr/86Sr)i=[(87Sr/86Sr)- (87Sr/86Sr) (eλt-1)]; (143Nd/144Nd)i=[(143Nd/144Nd)- (143Nd/144Nd)(eλt-1)]; (176Hf/177 Hf)i=[(176Hf/177 Hf) -(176Hf/177 Hf) (eλt-1)];  
(208Pb/204Pb)i=[(208Pb/204Pb) -(208Pb/204Pb) (eλt-1)]; (207Pb/204Pb)i=[(208Pb/204Pb) -(207Pb/204Pb) (eλt-1)]; (206Pb/204Pb)i=[(206Pb/204Pb) -(206Pb/204Pb) (eλt-1)];  
The age of the igneous intrusion was determined at 35 Ma (Liu, 2015), and this ages has been used for calculation.  
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Table 3 The compositions of natural gases from the intrusion region of the Fushan Depression, Beibuwan Basin, South China Sea 
 
Well Depth (m) 
Vertical 
Location 
C1 
(%) 
C2 
(%) 
C3 
(%) 
iC4 
(%) 
nC4 
(%) 
C5+ 
(%) 
O2 
(%) 
N2 
(%) 
CO2 
(%) 
δ
13C1 
(‰) 
δ
13C 
CO2(‰) 
R= 
3He/4He R/Ra 
40Ar/ 
36Ar 
Data 
Source 
H3-4 2150-2153 above 70.4 4.41 8.07 2.79 3.87 4.75 0.70 3.86 1.15      Li et al. 2008 
H3-4 3348-3355 around 0.75 0.00 0.00 0.00 0.00 0.01 0.42 1.62 97.2 -45.0 -5.22 (5.03±0.13)×10-6 3.59 2190 Li et al. 2008 
HX4 2965-2975 above 49.2 14.7 14.6 3.68 2.04 2.59 0.00 2.07 11.1     
 
Li et al. 2008 
HX4 3195-3204 around 24.9 8.57 9.36 1.74 2.91 0.71 0.72 3.29 47.8 -46.1 -5.01   
 
Li et al. 2008 
H4-1 2815-2862 above 19.0 5.48 6.61 1.12 2.13 0.70 0.60 2.76 61.6 -46.4 -5.22 (4.74±0.12)×10-6 3.38 1881 Li et al. 2008 
H2-2 2793-3021 above 37.4 14.8 17.3 4.25 7.20 1.66 2.62 10.3 4.47 -47.0 -7.44   
 
Li et al. 2008 
E1 2895-2901 above 5.42 0.57 0.10 0.41 0.07 0.22 0.41 2.60 90.2     
 Internal Report 
E2 3714-3720 below 81.1 8.74 1.80 0.28 0.09 0.26 0.00 1.54 6.39     
 Internal Report 
E2 3740-3755 below 78.0 9.43 2.05 0.30 2.05 0.02 0.00 1.54 6.59     
 Internal Report 
E3 2921-2942 above 34.9 4.53 1.49 0.34 0.43 0.41 0.05 0.75 57.1     
 Internal Report 
E3 3211-3230 around 6.27 0.75 0.58 0.11 0.16 0.43 0.42 2.08 89.2     
 Internal Report 
E3 3650-3680 below 63.9 15.0 9.53 0.00 3.05 1.69 0.37 2.06 4.40     
 Internal Report 
E4 2345-2380 above 85.4 4.59 0.83 0.00 0.00 0.05 0.00 0.00 9.13     
 Internal Report 
E4 2921-2942 above 35.3 4.58 3.36 0.73 0.90 0.93 0.30 1.60 52.3     
 Internal Report 
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Highlights 
 
 A large-scale Paleogene igneous intrusion intruded in Eocene strata was reported 
 The intrusion was generated through mixing between DMM-like mantle and 
EMII 
 Its thermal effect is much more intense than that of thin igneous intrusions 
 The host rocks above the intrusion were more strongly affected than those below 
 
